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BRIEF SUMMARY OF THE INVENTION: 



Utilization of boron sulfides and selenides have not reported before for preparation of 
morgamc metal sulfides and selenides. We found that they could be versatile sources of sulfur 
and selemum m converting many different metals including transition and rare-earth metals and 
their oxides The reaction scheme is very simple and easily transferable to industrial scale 
syndesis. Lritennediate or low temperature reaction condition allows various nanostructures of 
sulfides and selenides. The metal sulfides and selendies are used in lubrication, catalysis, battery 
apphcations and so on. The new method can provide new nanostructured chalcogenide materials 
via very simple processes which have not forseenbef9re. cmarenais 

DETAILED DESCRIPTION OF THE INVENTION: 

We found that boron sulfides could be a versatUe source of sulfur in oxidative sulfidation 
of metals as well as m sulfidation of various metal oxides at low temperatures. Our experimental 
rraults mdicate that the sulfidation can be canied out in the temperature region of 300-600°C 
vwthout any visible damage of sflica contameis. The low-temperature operation could have aii 
advantage m preparing nanostructured materials, because the competing crystal-growth processes 
can be suppressed due to the low thermal energy. Furthermore, it allows us to access the 
compounds that exist only at low temperatures and decompose at elevated temperatures The 
boron sulfides can be prepared in situ in an evacuated and sealed sUica tube which is loaded with 
boron, sulfur and the material that is to be sulfidized. The materials to be sulfidized can be 
elemental metals, or bmaiy/temary transition-metal oxides. The reactions occur at the solid-gas 
bound^ies, and yet are carried out in a sealed container, which eUminates the need of continuous 
flow of sulfidizing gases such as HjS and CSj. Neither does the container need to be pressurized 
as m the syntiietic routes that utilize elemental sulfur. These allow us to afford a much simpler 
expenmental setup that is inherenfly safe fix)m possible explosions or leakage of harmful gases 
The boron sulfides left after the sulfidation can be recycled by sublimation, which is particularly 
desuable for large-scale industrial production. Otherwise, tiiey readily react with water or 
alcohols to form H2S and boron hydroxide, and can be washed away firom tiie products. 

We also found boron selenides can be effective selenidizing agents, and the experimental 
produres for selenization is very much close to tiie sulfurization produres with boron sulfides. 

We believe the metixod is genetic, which our recent experimental results demonstrate as 
the following: 

(1) Preparation of ultralong TaSj nanowires from Ta metal. The reactions of Ta 
thin metal pieces witii B2S3 at 400-500 "C resulted in bundles of nanowires of TaSs that grew 
firom the surface of the metal pieces. The wires were 10-200 nm wide along the transverse 
direction, and their lengfli varies firom several microns, to millimeters, even to several 
centimeteis, depending on tiie syntiietic conditions. Bundles of wires longer than 2 cm are quite 
common, and we once observed haiiy bundles (< 0.01 mm wide) tiiat were longer than 5 cm We 
obtained similar results for TaSej and NbSej. The fibrous structure provides particularly 
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desirable characteristics for battery applications because of the high surface area. The test results 
in 1970s on the batteries with these fibrous trisulfides as a positive electrode showed that those 
batteries maintained a large fraction of their capacity after being recharged a large number of 
times» and yielded attractive capacities. 

(2) Preparation of WS2 and M0S2 nanoparticles via direct sulfurization of 
tungsten metal at low temperatures. With boron sulfides, we could sulfidize tungsten and 
molybdeniutn metal wires (0.2 mm in diameter, -5 cm long) completely into WS2 at 600 "^C in 24 
hours. The product maintained the original shape of the tungsten wires, and yet with a roughly 
doubled thickness. Sublimation of the remaining boron sulfides and sulfur and/or washing in 
water provided the disulfide nanomaterials with a purity higher than 99.9%. WS2 and M0S2, 
which show numerous desirable properties in the fields of catalysis, electrocatalysis, 
electrochemical intercalation and lubrication. For efiScient applications of their chemical 
properties, the WS2, and M0S2, materials need to be prepared with high surface areas, and hence 
their nanostructures are highly desirable. 

(3) Preparation of TiSz nanoparticles and nanorods from Ti02 nanoparticles. 

Nanoparticles of Ti02 were converted to TiS2 or TiSs nanoparticles in the temperature region 
between 300 and 450 °C dependmg on the loaded ration of boron and sulfur as well as the 
reaction temperatures. In TEM images of the sample from the reactions, nanoparticles (< 40 nm) 
and nanorods (-120 nm wide and > 3 um long) were found. The layered structure of TiS2 makes 
the compound suitable for use as high-temperature lubricants, and electrode materials for high- 
density lithium batteries. 

(4) Preparation of FeSj nanoparticles from FeSiOj micoparticles. FeSiOa became 
completely decomposed into binary sulfides, FeS2 and SiS2, during the sulfidation process 
(destructive sulfidation). Interestingly, the starting material was microcrystalline, but the product 
seemed to be nanostructured. For example, the volume of the reaction mixture increased by about 
six times, and the product was a much fiaier and floppy powder. SiS2 is reactive to water, and we 
could remove it along with boron sulfides by washing the product in deionized water. The X-ray 
powder pattern shows a pure phase of FeS2. The preliminary SEM studies on the sample 
indicated that the size of the product powder was smaller than the resolution limit of our 
instrument, and TEM studies are under way. FeS2 is a well-known battery material, and exhibits 
interesting quantum confinement effect when the size is smaller than 10 nm. 

(5) Preparation of NdS2 nanoparticles from Nd203 nanoparticles* Nd203 
nanoparticles were completely sulfidized into NdS2 nanoparticels at 450 °C in a day, and the 
color of the powder turned into grayish yeUow fix>m pale violet We recognize that the product is 
not NdaSa, the corresponding sulfide of NdzOa, and this can be attributed to an incomplete 
reaction between boron and sulfiir. The product was examined under a TEM microscope after 
dispersed in deionized water, and was found to generally maintain the original sizes after the 
sulfidation, as found in the TEM image. The particles appear to have a shape of thin disks. To 
our knowledge, the only rare-earth sulfide nanostructure reported in the literature to date is EuS 
nanoparticles that show an interesting luminescent characteristic. We believe our method is a 
general method for conversion of rare-earth metal oxides into their sulfides. 
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(6) Preparation of BaTiSa from BaTiOa. BaTiOa microparticles could be converted 
into BaTiSs in a high yield at 450 with no visible fusion of the particles. The detailed analysis 
of the product is in progress, and the reactions will also be carried out for nanoparticles of 
BaTiOa. It is noted that in the literature there have been no reports on nanostructured ternary 
transition-metal sulfides, to our knowledge. 

It is noted that our experiments have been done by employing a typical solid-state 
synthetic scheme. We already commented in our recent NSF proposal that synthetic routes could 
be solvent reflux, solvothermal or sonochemical, by taking advantage of the chemical 
characteristics of boron chalcolgenides formed in solid at ambient condition, and we are currently 
investigating such possibilities. 

List companies you believe might be interested in using, developing or marketing this 



invention. 
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PROJECT DESCRIPTION 

JPart I. Research Plan 

L Background and Motivation 

• Metal sulfides find applications as hydrotreating catalysts, as lubricants, as battery . 
electrode materials, and in semiconductor, photocatalytic, and electrocatalytic devices.' While 
binary and ternaiy transition metal oxides are easily available in various nano-sized forms, 
. however, the corresponding nanostructured sulfides are relatively rare despite their technological 
importance. . Well-known examples of nanostructured chalcogenide materials include 
nanopaiWcles and nanotubes of WS2 and MoS2,^ and their syntheses have been carried out by 
several different methods: the aimealing of oxidized transition metal films or particles in a s^eam 
of H2S gas;^' template deposition using porous alumina;^ electron beam irradiation in TEM^"* and 
local heating via electrical pulse in STM^^; sonoelectrochemical bath reactions;^ electrochemical 
deposition from an ethylene glycol solution;^ inverse micelle synthesis;^ and solution reaction of 
molybdenum hexacarbonyl with elemental sulfiir.*. Nanotubes of TaS2 and NbSa have been 
synthesized recently by the reduction of TaSs and NbSa powders in a stream of H2 at 1000 °C.^ 
In addition, multiwalled carbon nanotubes have been used as a template to produce NbSa, WS2 
and ReSa nanotubes. FeS2 particles with < 10 nm have been synthesized via inverse micelle 
technique. " Solvothermal methods also have been applied for the preparation of nanocrystalline 
transition-metal sulfides by employing elemental sulfiir as a sulfidizing agent in organic media.^^ 
To our knowledge, however, no nanostructured ternary transitipn-metal chalcogenides have been 
reported in the literature. ; . ^ 

We recently found that boron siilfides could be a versatile source of sulfiir in oxidative 
sulfidation of rnetals as well as in sulfidation of various metal oxides at low temperatures. To 
date, boron sulfides (B2S3 and BS2) have not been* familiar sulfidizing agents, and their use has 
been reported only in organic or organometallic reactions, yet sporadically.'^ The main body of 
the solid state reactions involving boron sulfides have been limited to the synthesis of crystalline 
or amorphous thioborates with the early main-group metals, silver, lead or thalium.^'* There exist 
only two boron sulfides, B2S3 and BS2, in the sulfur-rich end, and both of the air-sensitive 
compounds are normally obtained in amorphous state,^^ B2S3 does not have a well-defined 
melting point, but begins to sublime at about 300 °C^^ BS2, the only boron sulfide with a higher 
content of sulfur, melts congruently at 417 under atmosphei^c pressure. However, oiu* 
experiences show that a significant amount of BS2 evaporates even at 300 under vacuuni. 
The extremely corrosive nature of the boron sulfide compounds is probably the main reason for 
their scarce use in solid state reactions, and indeed the silica reaction vessels need to be heavily 
carbon^coated for the* synthesis of the alkali thioborates which is carried out typically above 600 
^C.^"* . Another reason can be found in the fact that there do not exist any transition-metal 
thioborates other than silver compounds.!"*' The original report^^.on the existence of MnB2S4 
was a misidentification of Mn2SiS4 that was formed by the undesirable reaction of boron sulfides 
with unprotected silica containers under a high-temperature reaction condition.^^ In this respect, 
. the chemical properties of boron sulfides are in contrast to those of phosphorous sulfides which 
often form ternary or quaternary compounds with active metals and/or transition metals.^® 

While boron sulfides are not much promising in discovery of new compoxmds that 
mcorporate boron, it is fsviacn^. Uisl -te es^einely conosive nature of boron sulfides migbl 



provide a great opportunity as sulfidizing agents that operate at lower temperatures. Indeed, our 
preliminary experimental results indicate that the sulfidation can be carried out in the 

• temperature region of 300 - 600 ^C, without any visible damages of silica containers.. The low- 
temperature operation could have an advantage in. preparing, nanostructured materials, because 
the competing crystal-growth processes can be suppressed due to the low thermal energy. -. 
Furthermore, it allows us to access the compounds that exist oiily' at low temperatures and 
decompose at elevated temperatures. The boron sulfides can be prepared in situ in an evacuated 
and sealed silica tube which is loaded with boron, sulfur and the material that is to be sulfidized. 
The materials to be sulfidized can be elemental metals, or binary/ternary transition-metal oxides. 
The reactions occur at the solid-gas boundaries, and yet are carried out, in a sealed container, 
which eliminates the need of continuous flow of sulfidizing gases such as H2S and CS2. Neither 
does the container need to be pressurized as in the synthetic routes that utilize elemental sulfur. 
These allow us to afford a much simpler experimental setup that is inherently, safe jfrom possible . 
explosions or leakage of harmful gases. The boron sulfides left after the sulfidation can be 
recycled by sublimation, which is particularly desirable for large-scale industrial production. 
Otherwise, they readily react with water or alcohols to form H2S and boron hydroxide, and can 
be washed away from the products. • . 

In the following, we show, our recent preliminary results in developing new low- 

• temperature synthetic methodologies for nanostructured transition-metal sulfides, and describe 
our research plans in extending o\ir preliminary work during the proposed fiinding period. 

• n. Preliminary experimental results 

(1) Preparation of ultralbng TaSa nanowires from Ta metal. 

The bulk TaSa is a well-known quasi-one-dimensional (quasi- ID) metal with a layered 
structure,^* and it undergoes two charge density wave (CDW) transitions below room 
temperature.^^ It has been known that thiii fibers of TaSa, TaSes andNbSea can be obtamed from 
the reactions between the transition-metal powders or thin films and elemental sulfur or selenium 
at the temperatures oyer 500 for sulfides and over 650 °C .for selenides," The fibrous 
structure provides particularly desirable characteristics for battery applications because of the 
high surface area.^ The test results on the batteries with fliese fibrous trisulfides as a positive 
electrode showed that those batteries maintamed a large fraction of their capacity after being 
recharged a large number of times, and yielded attractive capacities.^^ The highly ID structure' 
also gives rise to negative absolute resistance in the CDW sliding regime,, which was confmned 
. from the electrical property measurements on the (sub)micron-scale fibers of TaSa and NbSea. 
Most recently, a Japanese group reported '-I ' ^m wide Mobius strips of those trichalcogenides 
which were prepared with elemental sulfur or selenium over 740 ''C?'^ However, nanowires of 
these compounds have hot been reported up to now. 

' By utilizing boron sulfides as a sulfidizing agent in the lower temperature region, we 
could prepare nanowires of TaSa that were extremely long/ The reactions of Ta thin metal pieces 
- wj& B2S3 at 400 - 500 ^'C resulted in bundles, of nanowires of TaSa that grew from the surface of 
the metal pieces. The wires were 10 - 200 nm wide along the transverse direction, and their 
length varies from several microns, to millimeters, even to several centimeters, depending on the 
synthetic conditions. Bundles of wires longer than 2 cm are quite common, and we once 
_i^giin,-iiriii hairy bundles (< 0.01 mm wide) that were longer than 5 cm. For those wires, the 
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Figure 1. (a) SEM image of TaSa hairy wires and their bundles. The wires grow firom the 
surfaces of the Ta metal pieces in the reaction container, and are free-standing, (b) TEM 
image of TaSa nanowires hanging on top of amorphous carbon grids (light gray). 




(a) (b) 

Figure 2. (a) TEM image of a TaSa nanowire. * (b) Electron diffraction pattern of the wire in 
(a). The boxed area in the upper picture is magnified in the lower. Difiuse scattering is 
clearly seen. 4kF (= c*/2) corresponds to 2q, where q is the CDW nesting vector. 
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aspect ratios could reach up to ~I0*! The long wires were fiagile, and great care was necessarv 
to handle theod. 

Figure 1 shows the SEM and TTEM.images of the wires grown from a Ta piece after one 
week , of reaction. Although not shown here, the X-ray powder diffraction patterns of the 
products indicated that the products were pure without any other sulfides. The powder pattems 
were most similar to those of the orthorhombic structure of bulk TaSa, rather than the monoclinic 
one. The two different structures are due to two different layer-stacking pattems, and fiirther 
sftidies are necessary to elucidate precisely the stacking pattems in our nanowires. Figure 2a 
presents a TEM image of an individual -50 nm-wide TaSa nanowire, and Figure 2b is the 
corresponding electron diffraction photograph taken at room temperature for the same nanowire 
The well-defined diffraction spots indicate a good crystallinity. The calculated lattice parameters' 
m the reciprocal plane were in a good agreement with the unit cell parameters of the TaSa layers 
m the- bulk material. The growth direction of the wires corresponds to. the ID chain direction of 
the bulk. The diffuse lines in Figure 2b are characteristic of the difliise scatting caused by the 
disordered CDW modiUations along the chain direction, and their locations and spacing match 
with the previous data.^' The detailed stractures of our TaSs nanowires need to be thoroughly 
examined, and our preliminaiy high-resolution TEM (HRTEM) work indicates ribbon-like 
nature of the wires.- 

(2) Preparation of WS2 particles via direct sulfiirization of tungsten inetal at low 
temperatures. • 

The successful jweparation of TaSa nanowires prompted us to try our new low- 
temperature synthetic method for other transition metals. Direct sulfidation of transition metals • 
IS usually carried out by using H2S, and our anticipation is that the employment of boron sulfides 
may- provide alternative or even better ways of tailoring the moiphological and chemicJal 
properties of the sulfidized products. Exploration and development of new synthetic routes can 
be important particularly for sulfide catalysts, because sulfidation reactions are a crucial step in 
the preparation of the catalysts, and have a profound influence on the (surface) structure and on 
the dispersion of the catalytically active particles.'" . Another application of the new low- 
te^erature sulfidation reactions is to convert metal nanoparticles into the corresponding metal 
sulfides while keeping their small sizes by avoiding significant fiision of the nanoparticles. This 
capabihty could become important in the future, as more and more metal nanoparticles become 
available owing to the advances in the development of synthetic techniques for metal 
nanoparticles. 

Our preliminary experiments in this project have focused oh the layered compounds, WS2 
and M0S2, which show numerous desirable properties in the fields of catalysis, electrocatalysis 
electrochemical intercalation and lubrication.'' '' For efficient applications of their chemical 
properties, the WS2 and M0S2 materials need to be prepared with high surfece areas, and hence 
their nanostructures aie highly desirable. Depending on their sizes, furthermore, nanoparticles of 
the disulfides show unique properties not present in bulk. For example, highly nanostmctured 
M0S2 made by sonochemical synthesis catalyzes thiophene hydrodesulfiirization with higher 
activities than those of the othenyise most active (yet expensive) materials such as RuSa and 
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Typical sulfidation of tungsten metal is carried out by H2S at high temperatures. For 
example, WSj nanotubes and fullerene-like nanoparticles were first observed when very thin 
-films of tungsten were sulfidated above 900 «>C.*' With boron sulfides, however, we could 
sulfidize tungsten metal wires (0.2 mm in diameter, ~5 cm long) completely into WS2 at 600 "C 
■ 24 hours The product maintained the original shape of the tungsten wires, and yet with a 
roughly doubled thickness. The surface exhibited severe cracks along the wire axis and the 
product was easy to grind into a fine powder. As shown in Figure 3, the Bragg peaks are very 
broad in the X-ray power diffi-action pattern, indicating small sizes of the powder particles One 
mtrigumg feature is Aat the (GO/) peaks are shifted toward lower angles, indicating the expansion 
of the lattice along the c-axis. m comparison with the bulk 2H-phase (verticariines).^^ The shift 
~. ^-^^ was calculated using synthetic silicon as an internal standard for the powder 
diffraction studies, pe same observation wds made from-our molybdenum sulfidation reactions 
A similar shift has been reported for the fullerene-like and nanotubular structures of WS, and 
M0S2 (Ac = 0.16 and 0.25 A, respectively), » and attributed to a strain relief in the folded- 
structures by expan«img the spacing between adjacent layers. . This has been known for carbon 
xuUerenes and nanotubes as well.^^ • 
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Figure 3. XRD. powder pattern of the reaction product fi-om the sulfidation of tungsten 
wu-e Jy boron sulfid^. The vertidal lines are the Bragg peaks of NBS 2H.WS2. Note 
the shift of (00/) peaks. TTie (008) peak is veiy weak and cannot be seen due to the 
overlap with a peak of high intensity. 
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Figure 4a is an SEM image of the WS2 powder material, in which the layered 
moiphology of the compound can be clearly seen. The surfaces of the layers are severely 
cracked and highly corrugated, implying the high surface area of the powder product. The 

^ Sn^J f"^^^ ^^"^"^ P°^der was.ultrasonicated in 

deioniz^ water The dark fiinges m the TEM images of Figure 4b and 4c are spaced ~ 6 2 A 

S^n^K "^^'"T ^2^' layers oriented more or less parallel to the . 

electron beam durection (the mterlayer distance fiom the powder pattern = 12.54y2 A = 6 27 A) 
Tie fiinges (layers) are highly fiagmented; and the typical lengths of the fringe filaments range 
S^ff^nVo Thejransverse dimensions across the fiinges (i.e., along the layer-stacking 

direction) are even smaUer. m general. The shapes of the nanostructures are highly iirtgular but 
none of them can be considered to be fiiUerenclike or nanotubular because t£^ fringe! ria^g^^ 



do not merge at their ends. It is noted that the layer filaments are not always straight, but curled 
m general, especially . near their ends. This significant deformation of the WS, layers 
occasionally causes the adjacent layers to cbme off from each other, as indicated by a big airow 
in ]Figure 4c^ The small arrow points a disconnection of an individual layer. Figure 4d presents 
a typical TEM miage of the WS^ layer planes (the layer planes pe^jendicul J to the e ecSm 




Figure 4. (a) SEM image of WS2 pieces as prepared, (b) TEM image showing 
. mterwoven WS2 layers. The dark fringes correspond WS2 layers, and the fringe 
filaments look highly distorted and curved, (c) The big arrow indicates two layers 
coming off from each other, while the small arrow points a dislocation or crack in an 
. individual layer, (d) TEM image of the WS2 layers lying perpendicular to the 
electron beam direction. The inset is a zoomed image of the boxed area. The atoms . 
m the area are highly disordered. 

• beam). A hexagonal atomic arrangement is easily noticed at the top right of the image, as found 
m.other previous TEM studies.*" The hexagonal lattice appear to be^reatly disturbed in many 
jammed areas like m the boxed area of Figure 4d. Its zoomed image (the inset) shows that the 
atoms m the area are severely disordered. Such disordering and incomplete formation of layers 
as well as the severe curling of the layer filaments, might be the reasons for the c-axis expansion 
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• fu"f powder pattern. We suspect that this poor crystallinity is ultimately caused by 

the low diffusion rate of atoms under the low-temperature reaction conditiort. ; ' ° 

In a sense, the nanpstructures in our WS2 product resemble the nano filaments of WS2 or 
M0S2 catalysts that fonn on^the surface of AhO, support. In their structures, the sulfide lasers 
are usually deformed severely by the surface shape of the. support.^^ The difference is that oS 
sulfidauon method provided such deformed nanostmctures without additional heteroeeneous 
components for the morphdsynthesis. and the product is completely free from any oft^r 
mmerals^ In f^y event the lager c-spacing. high surface area and open structure of our 

^.TS-'^*";! ^^""^^^^ ^^"^ applications such as lithium-batteries and 

catalysis This is the opposite to the case of the fuUerene-like or nanotubular structures of WS, 
and MoSa for which hthium intercalation could not be completed presumably because of the 
closed nature of ftose structures " It is emphasized that our simple reaction iheme and setap 
could be a great advantage when large-scale production is considered. • • 

(3) Prq»aration of TiS, nanoparticles and nanorods fi'om TiOj nanoparticles 

. The corrosive reaction of boron sulfides toward silica reaction containers at high 
temperatures imphes that it might be possible to utilize them to sulfidize transition-metal oxidw 
The absence of transition-metal thioborates is also a desiiable feature to • avoM unSitS ' 
mclusion of Won As boron sulfides react with metal pxides..it is anticipated that the oxide ions 
become substituted by sulfide ions, and that the corresponding metal Srffides form as a S 
product along with boron o«de (B2O3) as a byproduct (metathesis). B2O3 is soluble in water or 
m alcohol, and can be washed out after the sulfidation reactions. It is particularly interesting to 
us to examme this synlhe^ possibilities at the temperature region m^ch below ftemlSg or 

S "^I^^ZT^L'^'''''^ '^^T"^' °f nanostructured metal 

sulfid^. That ,s. the limited diffusion of ions during the sulfidation process may allow us.'to 
convert the oxide nanoparticles mto the coiresponding sulfide nanoparticles without undergoing 
significant fiision among Aem. It is emphasized that many metal oxide panoparticles are readily 
available via various synthetic routes, and often commercially. -rereauuy 

n«„o,tn?oh,,.^°T^"^ this project mainly , focus on the preparation of 

nanostructured T1S2, which was motivated .by the commereial availability of TiOj nanoparticles 
m various sizes^d by its teclmological importance. The layered structure of TiS^ mdces the 
SrSi^ K « " "ff high-tempexature lubricants.^* and electrode materials for high- 
densi^ lithiu^ battenes.=«' For the battciy applications, it has been Ayell established that Ae 
ITtT^^I"".?^ rate c^abiLties of Li-ion batteries can be caused by slow solid-state diffusion 
-l^l ? ^'f ""^^ "'^^ " '^'''^'> ^« tremendous current research interest 

in the development of nanostructured Li-ion battery electrodes.^" Ddspite the technological 
implications, it is scarce to find nanostractured TiS^ materials in the literature with one notable 
exception to our knowledge TJin fihns of TiS^ in nano-thickness have been deposited via a 
chemical vapor deposition (C\J» route on the surface of metal microtubules as templates to 
r^SZ ^7r!^^ f ' nanostructured electrode showed dramatically improved 

ratecapabilitiesrelativetothm-filmcontrolelectrodes.composedofthesamemateriaL 

^ P^^'°^ ^^^^^ studies of conventional H2S sulfidaUon reactions, the sulfidatibn 
of T1O2 nanopqious matenals were found to Occur slowly for the internal Ti atoms even at 500 



°C, and only the Ti atoms on ihe surface (surface area = 120 mVg) could be completely 
sulfidized to TiS2 at 400 "^C,^ Therefore, our sulfidation reactions were attempted *elow SOO^^C 
-in order to examine the sulfidizing . activity . of boron sulfides at lower temperatures. 
Nanoparticles of anatase Ti02 with an average diameter of 32 nm^' were loaded together with 
boron and sulfur powders at two different ratios (3:4:6 and 3:2:6), and heated at several different 
temperatures up to 450 °C, The 3:4:6 ratio corresponds to the stoichiometiHc reaction between 
Ti02 and B2S3: • 

3TiOi + 4B + 6S 3T1O2 + 2B2S3 3TiS2 + 2B2O3. 

In addition, 325-mesh microparticles of anatase Ti02 were also tested to compare their 
reactivities and reaction conditions with the nanoparticles.' No sulfidation occurred up to 250 ^'C 
in any cases. Sulfidation of the TiO^ nanoparticles took place in the reactions at 300, 350, 400 
and 450 *=*C, and yet only at 450 **C the reactions, proceeded at a significant rate, with less than 
-10 % of Ti02 nanoparticles unreacted after 18 hours for the 3:4:6 ratio reaction. The product 
was a mixture of -80 % TiSjz and -20 % TiSa based on the X-ray powder diffraction pattern. It 
is suspected that the incomplete conversion into TiS2 and the existence of a small amount of TiSa 
is because of incomplete reduction of sulfiir by boron, and Ti02 might have undergone the 
sulfidation in a sulfur-rich condition; The dark brown color of the product, the same as that of 
boron, is consistent with this possibility: * With the 2:6 ratio of boron and sulfur, only TiSa was 
found in the product at the same reaction temperature. In any case, no boron compounds were 
detected, while vitreous B2O3 should exist in die products, aldiough not detectable by the X-ray 
powder diffraction. It was also noted that the product composition also depends on the particle 
size of Ti02. That is, the 325-raesh powder turned only into TiSs under the same reaction 
condition that provided -80 % TiS2 when the 32-nm particles were used. 

Figures 5a' and 5b show the TEM images of the sample from the reaction that provided 
the highest yield of TiS2. The image in Figure 5a exhibits.a nanorod -120 nm wide and > 3 ^m 
loiig, and nanoparticles of < 90 nm in diameter. A closer look at the nanoparticles indicates that 
the particles are made of much smaller nanoparticles (< 40 nm) that are glued together by an 
"amorphous material (Figure 5b). • The chemical nature of the amorphous material is not clear 
yet, but it could be the B2O3 that was not completely dissolved in water. The nanorod in Figure 
5a is also partly covered by a similar amorphous material. The fringes that appear in Figure 5b 

. are separated by -5.7 A which is close to the layer distance (5.695 A) in the bulk structure of 
Tf<5- A totally imexpected, and.yet very interesting feature is the nanorbds that wipre found in* 
a significant amount in the TEM sample. The electron diffraction pattern of the nanorod in 
Figure 5a shows its remarkable single crystallinity (the inset). The hexagonal Laue symmetry 
and the calculated unit cell parameters prove that tfie nanorod is indeed a single crystal of TiSj. 

' Both the anatase and rutile structures of Ti02 exhibit a tetragonal synametry . 

The presence of the TiS2 nanorods in the reaction product indicates that nanoparticles 
fuse together during or after the. sulfidation process. Optimization of the reaction conditions may 
. allow us to selectively prepare the nanoparticles and nanorods in the future. It is noted, that B2S3 
was prepared in situ so fer in our reactions, and this required the reaction temperature not lower 
than 300 °C. It might be possible to lower the reaction temperatures by preparing B2S3 first ex 
jsiluf^ ^d our recent results show that sulfidation is possible even at 200 ^'C for the surface Ti 
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atoms in the Ti02 nanoparticles. We are also currently testing the sulfidation method on much 
smaller Ti02 nanoparticles (15 nm)."*^ 




Figure 5. (a) TEM image of a nanorod and nanoparticles of TiS2 prepared at 450 "^C from 
Ti02 (anatase) nanoparticles. The electron diffraction pattern of the nanorod reflects the 
trigonal symmetry of TiS2 layers (inset). Both anatase and rutile structures of Ti02 have 
tetragonal unit cells, (b) TEM image of a small cluster embedded in one of the 
naqoparticles shown in Figure 5a. The fringes correspond to individual layers of TiS2, 
based on their snacine f*^5.7Ay 

in. Research plan _ 

The forgoing results clearly demonstrate the viability of our new low-temperature 
sulfidation method that utilizes boron sulfides. The* extent to which the method can be applied to 
other metals and metal oxides remains to be tested, and yet the underlying reaction mechanism 
needs to be revealed for better-controlled syntheses. For instance, it is not certain how the boron 
ions help the sulfidation processes when the boron sulfide vapor attacks metals or metal oxides. 
For metal oxides, it will be also important to understand how the formation of boron oxide 
affects the size and morphology of the nanostructures dinring the reactions. 

Answering all the relevant questioji^ would be of course our ultimate goal, as well as 
characterization of the chemical and physical properties of our target nanostructured materials. 
During this funding period, however, we will focus on the first question, and explore the limits 
and possibilities of our new sulfidation method from the synthetic point of view. First, as a 
continuation of our forgoing experiments, we seek to synthesize* nano wires, nanorods and 
nanoparticles of various transition-metal sulfides via sulfidation of metals and metal oxides. 
Second, we will develop other methodologies to achieve sulfidation reactions in organic media, 
thereby fiurflier lowering the reaction temperatures. The success of the proposed work will 
• provide unprecedented nanostructures . of transition-metal sulfides via establishment of 
systematic reaction conditions for the control of the size and morphology, and via 
characterization of the morphology and surfaces of the materials, hi the following sections, we 
describe the detailed plans of our proposed research. 



(1) Controlled reactions for nahowires of TaSs. 

. The intriguing features of our ultralong TaSa nanowires would be, first, they' are quiasi- 
ID conductors with CDW properties, and second, they grow fiom the surfeces of the mother 
metal pieces, thereby having a natural electrical contact with a larger conducting object. The 
electrical behavior of ID electronic systems has been an active research topic, and TaSj 
nanowires can provide an interesting test ground for many theoretical concepts such as Luttinger 
liquid, Wigner crystal and quantum nucleation,'*' because its electronic stracture inherently 
exhibits effects associated with reduced dimensionality in addition to the morphological ID 
character. Recent studies showed that the size effect appears even for the samples in 
(sub)raicron scale. • We anticipate tliat our new TaSj nanowii-es will provide more interesting 
observations in the extreme regime of ID anisotropy. Chemical aspects of the TaSs nanowires 
cannot be ignored, either. The high surface area and the natural electrical contact should allow 
us to readily explore possible applications of the materials as nanoelectrodes for batteries and 
electrochemical storage of H2, or chemical sensors. It may be also possible to use them to 
. connect metal nanoparticles in the fabrication of nanodevices. 

For the applications of TaSa nanowires, it is essential to establish a standard procedure to 
grow them in a controlled manner, and during the funding period we will seek to achieve that. 
Unfortunately, the thermodynamic information on boron sulfides is quite limited, and hence right 
•at this mom«it it will not be possible to control the partial pressures of boron sulfides and sulfiir 
m a precise manner. However, our experiences show that certain compositions of borrai sulfides 
and reaction tenoporatures are particularly preferable to obtain wires with smaller cross section 
areas. The shape of Ta metal pieces and their distance firom the Uquid boron sulfides at the 
bottom ofthe container also seem to affect the wire lengths. As an extension of our research we 
will also use alloys, for example. Ta,.xM» (M = Mb, Zr, Hf, Mo, W), to prepare doped TaSj 
nanowires, m order to change the electron concentration or the valence band structure. Such 
optimizations of the electronic characteristics might lead to enhanced- properties for 
(electro)chemical applications. AUoys can be easily prepjired by aremelting proper amounts of. 
the metals. 

. (2) Preparation of tungsten and molybdenum sulfide catalysts without supports. 

Compounds contaming sulfiir and nitrogen in crude oil contribute to ihe air poUution by 
formation of acid ram and photosmog in the form of SO2 and NO,, and it becomes mcreasingly 
important to unprove the performance of the hydrotreating catalysts to lower the sulfor and 
mtrogen contents in fiiels.'''' The catalysts used in hydrodesulfiirization are M0S2 and WS2 
phases supported on alumina (AI2O3) to which nickel or cobalt are added as promoters.**^ * 
These catalysts are most fi-equently prepared by the impregnation of a support with solutions of 
salts of 4e corresponding metals.'"* The catalyst performance depends on the nature of the 
support, its chemical and phase composition, the surface structure and texture, and the shape and 
size of the support granules.^*^ At least twelve models of the active component of the 
hydrodesulfimzation catalysts have been proposed, which indicates the complicated nature ofthe 

. studies of those catalysts."- . " A primary difference among die models is the location and 
chemical nature of the promoter element, Ni or Co, in the catalyst particles. For example, a 
contact synergism model for Co-Mo-S catalysts suggest the existence of small particles of C09S8 
in contact with M0S2 nanocrystals.'"^ In another widely cited model, the promoter elements 
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exist predominantly at "edge" sites around the waist of the cylinder sur&ce of the nanocrystals 
(Figure d).*'"" 




(a) . (b) 

Figure 6, Idealized model for a possible structure of Co-Mo-S catalysts with two truncated 
layers, (a) [001] and (b) -^[110] projection views. Small black, small gray and large light 
gray atoms represent Mo, Co and S atoms, respectively. Co atoms terminate three edges of a ' 
hexagonally-truncated layer, and are exposed to- the surrounding enviroimient. 

Based on our successfiil preparation of WS2 nanostructures by direct sulfidation of. 
tungsten metal, it is our interest to sulfidize the alloys of Co (or Ni) and Mo (or W). When Co- 
Mo alloys, for example, form sulfides in a low-iemperature reaction condition, the Co and Mo 
atoms will redistribute themselves, and eventually the two different metal elements mi^t 
become separated from each other instead of forming their bimetallic sidfides due to 2i higji 
activation barrier (see the next section). The diffusion rate of Co atoms should be very important 
in determining the size of M0S2 particles; i.e., a very slow diffusion of the Co atoms through the 
sulfide lattice may prevent M0S2 crystals from growing into larger sizes, and the . resultant 
"nanostructures of M0S2 could be much smaller than those found from our previous sulfidation of 
"pure" molybdenum. The original content of Co in the alloys can be also a governing factor. 
For example, the ratio of Co and Mo in the nanocrystallite shown in Figure 6 is 1:3* An alloy 
with a higher Co content may provide smaller . crystallites, if all the Co atoms are to be the 
terminating atoms. Cerjainly, detection of such terminal atoms could be challenging, and yet 
Center for High resolution Microscopy at ASU is suitable for such a task, being capable of EELS 
el^ental analysis within 2.0 A resolution. 

It . is also noted that our sulfidation process does not require a support such as alumina, 
and hence the expected naiioparticles are support-free* This could be helpful to study the effect 
of the particle-substrate interactions on the shape and morphology of. the catalyst 
nanocrystallites. Furthermore, whether C09S8 clusters form and have a physical contact with 

* M0S2 particles might be easily verified in TEM studies on our product, simply because there are 
no other places the clusters can be anchored except the surfaces of M0S2 particles. The 
interference by support atoms in TEM studies no longer exist, either.^^ We emphasize that in 
principle the sulfidation pf metal alloys can be extended for other bimetallic, sulfide 

■ nanostructures* 
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^^llrSe^"" "^"«**r«ctures of binary and ternary transition-metal sulfides from 

.V, f *»^';^''tension of our preparation of TiSa nanostructures will be the application of 
the metbod to oAer metal oxides. Although not presented here, onr preliminL^eC^^^^^ 
showed that BaTiOs microparticles could be i'ic«nunary expenments 

converted into BaTiSs in a high yield at 450 . 
"C with, no visible fusion of the particles. The 
detailed analysis of the product is in progress, 
and the reactions will also be carried out for 
nanoparticles of BaTiOj. . It is noted that in the 
literature there have been no reports on 
nanostructured ternary transition-inetal • 
sulfides, to our knowledge. 



one 
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Figure 7. TEM image- of NbSa 
nanoparticles. Particles are stacked along the 
beam axis in the lower part of the image. 



In 

reactions, UdiCh (49 - 64 nm)'' was 
completely sulfidized into NdS2 at 450 "C in a 
day, and . the color of the powder turned into 
grayish yellow from pale violet We 
recognize that the product is not Nd2S3, the 
corresponding sulfide of NdaOa, and this . can 
be attributed to" an incomplete reaction 
between boron and sulfur. The product was 
examined under a TBM microscope after. 
. dispersed in deionized water, and was found 

»irr7"Air^'i^ «ie original sizes after the sulfidatioi^ as found m the TEM hmge in 
Figure 7 A I Jough not shown here, the fringes and atomic spacing in the images are 
•sSn^rSs^' -P^^^'* nographic data.of NdS..^ t£ particirSp^to w1 
shape of ann disks To our knowledge, the only rare-earth sulfide nanostructiire r^rted in the 
literature to date is EuS nanoparticles that show. an interesting luminescent charactS » 

AppUcation of the method to WO3 and M0O3 should be interesting. The cuirent larce 

stmdaX???W^»d Moo " MoS. is oX 

te^nt^rfr. ^ temperatures, and it has been argued that the high 

teraperatoe condition is necessary for the initial formation of cmled Oi^ low 

Sd^Sum ^r^r /''^ to prepare nanoparticles of magnetic sulfides such as chromiu^Sd 
n^omaZ^^^^^ for possib e applications in ferrofluids as well as for fundamental studies of 
nanomagiietics. Amorphous bmaiy sulfides such as CrSj are also of our interest." 

rnrr.cr.?J- ^^^^^ siUiatiou ariscs whou a ternary oxide' compound does not have its 
w^?£^O^S^h?Jf same stoichiometry. .For example, th^re does not exisfpeSisI 

rf7ffi.c7«r ?! • • . ^^^^"^ FezSiSa. Under a low-temperature condition in which the 
diffiision of atoms is rather limited, sulfidation of FeSi03 may nSt provide Fe^SiS^ c^sSes. It 
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IS because the low temperature reaction condition is unlikely to provide enough energy to 
overcome the &ennal acUvation barrier to fonn a new ternary phase. Instead, as found if our 
^peninents, the FeSiSj became completely decomposed into binary sulfides. FeS, and SiS, 
dunng the sulfidation process (destructive sulfidation). Interestingly, the starting material was 
microcrystalhne. but the product seemed to be nanostructured. For example, the volume of the 
leacuon mixture merged by about six times, and the product was a liuch finer and floppy 
powder S.S, is reactive to water, and we could remove it along with boron sulfides by washing 
the product in deiomzedwate^^ The X-ray poivder patten, shows a pure phase of FeS^. Thf 
prehimnary SEM studies on the sample indicated that the size of the product powder was smaller 
than the resolution limit of our instrument, and TEM studies are under way. FeS, is a well- 
known battery material, and exhibits interestbjg quantum confinement effect when the size is 
Z overall implication is that by carefully selecting tema" o^des wc 

mi^t be able to prepare nanoparticles of binary sulfides by destructive sulfidation of the teiAatv 
OMdes that are much larger in- particle size. Sulfidation of MoaAl^Ou and TiAl^Os (prepared 
under ambient pressure) is currently being examined because AI2S3 is easily dissolved in water 
by forming alununum hydroxides. 

(4) Other new methodologies employing boron sulfides as a sulfidizing agent 
H ^'"'"^ ^ a solid at room temperature, while other sulfidizing agents such as 

S'tlr 5 ' "J * or a hquid with a very low boiling point. Therefore, B2S3 can be 
S^f^r Tk ^°''^'^°°veruently into organic solvents in which the sulfidation reaction can 
teke place. The advantages of such morganic reactions in an orgabic medium .are (1) reaction 

S^fn J?;?rt.T.H '''ll T° """'l' P^^^^^ and dispersed to 

avoid or conttol their possible fusion. By optimizing the ruction conditions, we might be able to 
fi^'T ^^'"f*^^^^ nanoparticles until the outer sulfide shell 

reaches to a desned thickness. It might be also possible to prepare nanoparticles that cont^ 
both oxide and sylfide well mixed together in individual particlesf Photocatalytic activities W 

pSs^s?^" """" ''^^ compoSiL is r:. 

J^l^^v '^'^'"^ ^"^^""^ P™j^«t is Simple reflux of organic " 

medium m which metal or oxide nanoparticles are put together with B2S3. Such reactions have 
«t!!S organic and organometallic reactions. For example, terminal oxygen- 

r*^** '"P^^""'* '"'^ ^^o'"^ on treatment of B2S3 in lefliSig 
1 1°° ''.T'^^ complexes with. excess B^Sj in refluxing CH2CI2 provided 
ttiovanadyl complexes with no indication of attack on bther coordinated ligands.'^ More 
reaction of Tp*W02Cl with 8383 in refluxing 1,2-dichloroethane produced Tte 
su^dated ana^ogues."^ Instead of organic or drganometaUic molecules, we seek to sulfidize 
nSoLTol^"^- L?"' T '""'P^^^ »° '^^^^S organic media- Certainly, the Small size of 
nanoparticles should be advantageous under low temperature conditions in which the diffusion of 
atom is slow. We are currentiy working on controUed sulfidation of TiO, nanoparticles (ca. 12 
rinyr"? refluxing organic solvents. It would be also viable to use other compounds as 
wtSr ^" 7'^^^}' ^ = '° TiS2.^' It also remains to be seen 

whether we can utilize addibonal reaction agents, such as LiAlH4 or CaHi, to provide a reducing 
environment This is analogous to the use of H2/H2S mixture in conventional sulfidition process 
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Metathetical reaction of hydrogen sulfide with transition-metal 
compounds is a common way for the syntheses of nanosized 
transition-metal sulfides: 

M,Oy + yHjS M^Sy + yHaO 

One well-known example is the preparation of inoj^anic 
fullerene-like and nanotubular structures of WS2 and MdSz from 
their corresponding oxides, WO3 and M0O3, in a reducing 
environment at elevated temperatures.' " ^ The substoichiometric 
oxides that are formed by the reduction at the beginning of the 
synthesis are volatile and sublime to react with H2S gas and the 
nanostructured sulfides deposit at the cold end of the reaction 
vessel. Low-temperature synthetic methods also have been 
reported based on solvent-mediated sulfidation of iransition-metal 
halides. carbonyls or alkoxides by H^S, e.g. sonochemical 
reactions,^ sol-gel reactlLons,^ and inverse micelle syntheses.^ 
The low-temperature reaction products are often amorphous, and 
need to be annealed at higher temperatures for better 
oystalliniiy.^*^ 

Recently we have found that boron sulfides, which have been 
relatively unfamiliar as sidfidizing agents, could be a versatile 
source of sulfur in oxidative sulfidation of metals as well as in 
metathetical sulfidation of various metal oxides under an 
intermediate-temperature condition,^ Known boron sulfides, B2S3 
and BS2, are normally .obtained as amorphous phases, and they 
are quite corrosive to silica reaction container typically above 600 
**C^' '® However, the volatile nature of these sulfides permits 
them to react with metals and oxides effectively via solid-gas 
reactions even in a lower temperature range (300 - 600 **Q. In 
this communication, we report a simple "one-step" nanocrystal- 
to-nanocrystal synthesis of NdSj by sulfidizing Nd203 with the 
boron sulfides as a sulfidizing agent 

0.337 g (1 mmol) of Nd203 powder (99.9 %, 49 - 64 nm. 
Nanostructured & Amorphous Materials Inc.) was first loaded in 
a fused silica tube with an excess amount of boron (99.99 %, 325 
mesh, Alfa Aesar) and sulfur powder (99.999 %. Alfa Aesar) of 
2:3 ratio. After the cube was evacuated and flame-sealed, the 
reacdoD mixmre was gradually heated to 450 <*C kept at the 
temperatun for one day, and radiatively cooled down to room 
temperature. The pale violet color of the original powder turned 
into grayish yellow after the reacdon. Hgure 1 compares the 
powder X-ray diffraction (XRD) patterns of the original Nd203 
particles and our reaction product NdSi, and indicates that the 
Nd2(>3 was completely converted Into an X-ray pure NdS2 
product It is noted that the sulfide product is the most sulfur-rich 
phase in the Nd-S binary system, and not the corresponding 
stoidiiometric compound, Nd2S3. NdS2 exhibits square layers of 

* Tn wbnm correspondence shoald be addressed. E-mail: DSeo@iisu.edu 
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Figm i. The powder XRD patterns of die NdiQs and NdS2 
nanoparticles. 

covalently-bonded sulfur atoms in its bulk tetragonal layered 
structure, and the polysulfide unit is likely due to the 
intermediate-temperature reaction condition in addition to the 
incomplete in situ reaction of boron with sulfur. Intermediate 
temperature conditions are generally considered as a necessary 
condition for polysulfide preparations.'* Overall reaction occurs 
as follows: 

NdjOs + 2B + 4S -> 2NdS2 + B2O3 
Unreacted sulfur, boron sulfides and the byproduct Bfi^ were 
washed away from the product by using CS2 and deionized water, 
and the Altered powder sample was found to be boron-free based 
on our atomic absorption spectrometric analysis within the 
detection limit (5 ppm) of the instrument (Varian SpectrAA-400 
Flame). Samples for high resolution transmission electron 
microscopy (HRTEM) studies were prepared by dispersing a few 
(hops of the suspensions of this powder and NdjO^ respectively in 
deionized water on holey carbon grids. A JEOL 4000 EX 
transmission elecuon microscope (TEM), operated at 400 kV (1.7 
A point resolution) was used to obtain HRTEM images. The 
crystals were oriented along various zone axes using a double-tilt 
stage, and HRTEM images were recorded on photographic films. 

Comparison of the HRTEM images of both the Nd^Oj starting 
material and our NdS2 product revealed that the original size and 
shape of the Nd203 were well maintained after the sulfidation 
process as shown in the representative images (Figures 2a and 
3a). The disk-like shape of both Nd203 and NdS2 nanoparticles 
could be from the layer-like nature of the sUuctuies of the two 
compounds (Figure 4).*^ The Nd2C)3 stmcture is formed by 
{(NdjOj)^*) and {O^*} layers altematmg along c-axis of its 
hexagonal unit celt, while (he NdS2 structure is made of 
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Figure Z HRTEM miciogjaphs of the NdjQ} nanodisks (starting 
material), (b) is a zoomed image around the center of (a). 




Figure J. HRTEM micfogropiis of NdSz nanoparticles (|»oduct). (b) is 
a repxeseniative zoomed image from the top of the ffislcs in (a), (c) 
Side-view of an NdSz nanodisk. (d) Representative zoomed image of 
the side of NdSj nanodisk around a comer, 

{(NdzST)^*) and {Sj') layers that also altemate along c>axis of 
its tetragonal unit cell." Indeed, a closer look perpendicular to 
the NdsOs nanodisks, i.e. along <001> direction (Figure 2b). 
reveals a hexagonal symmetiy that reflects the atomic 
arrangement in a6-plane of the Nd203 structure. Hie measured 
repeat distances (3.8 A along the two in-plane axes), are in good 
agreement with the reported value of the bulk strucmre (a = 
3.S3 A). Meanwhile, the corresponding HRTEM images of the 
NdSs nanodisks oriented along <001> direction (Figure 3b), 
reveals that the atoms are arranged in a square lattice with a 
repeat distance of 4.0 A along the two perpendicular directions 
with a very good crystalliniiy. The measured lattice spacing 
matchs well with the a-spadng (4.022 A) of the unit cell of the 
bulk NdSj. Figure 3c is a side-view of an NdSj nanodisk mih 
thickness of ca. 30 nm. This nanoctystal was found to be 
oriented along <01Q> direction, and the high magnification 
image is shown in Figure 3d. The measured repeat distances of 
the two-dimensional rectangular unit cell in Figiue 3d, 4.0 A 
and 8.0 A, are consistent with a (or b) and c unit cell parameters 
of the bulk NdS2 structure, (4.022 and 8.031 A, respectively). It 
is not clear yet if the same disk-like shapes of the suuting 
material and the final product are due to the similar type of the 
layered structures of Nd203 and NdSj, We are currently 
investigating the effect of structural relationships between 
oxides and sulfides on the shape and ciystalUnity of the 




(a) (b) 

Figure 4» Top and side views of (a) NdiQs and (b) NdS2. Large and 
small circles represent Nd and O (or S) atoms. Sulfur-sulfur bonds are 
shown In thin line in (b). Nd atoms are drawn larger (o emphasize the 
higher elecuon density. 

sulfidized nanoparticles by employing nanoparticles of other 
rare-earth and transition-metal oxides as starting materials. 

In conclu^on, by using boron sulfides as a source of sulfur, 
we have successfully converted nanocrystals of NdiQj into 
nanocrystals of a rare-earth metal polysulflde NdS2 without any 
noticeable fusion of the particles. The intermediate-temperature 
reaction condition Is important for the polysulflde formation 
and the reaction temperature was high enough to afford a good 
crystallinity without a further thermal treatment. While binary 
and ternary transition metal oxides are easily available in 
various nano-sized forms, the corresponding nanostnictured 
sulHdes are relatively rare despite their technological 
importance. We expect that this simple one-step sulfidation 
process could be an alternative synthetic route for various 
nanosized metal sulfide materials that are not easy to be 
prepared by other means. 
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By employing boron sulfides that were prepared in situ as a source of sulfur, NdaOg nanopartides were successfully 
converted into NdSa under an Intermediate temperature condition, while the original sizes arul crystalllnlty of the partrcles 
were preserved. This work demonstrates that this simple one-step suffidation process could be an alternative synthetic route 
for various nanosized metal sulfide materials that are not easily available by other means, 
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A Simple Route to the Neat High-Yield Preparation of 
Nanostructured Tungsten Disulfide 

Li-Ming Wu, Dong-Kyun Seo* 
Department of Chemist^ "^""^ University, 

Layered material tungsten sulfide (2H-WS2) is commonly used as solid lubricants 
['•21 and as additives in li(iuid lubricants. ^^ ''^ Minimum tangential resistance is commonly 
associated with shearing of the weak inter-layer sulfiir atoms bond (typically van der 
Waals (vdW)) in these matwials.^*'^ In addition, WS2 is also a very important catalyst 
which has been used for the removal of sulfiir and nitrogen fiwm petroleum feedstocks for 
over 50 years.^'*' WS2 nanoparticles were expected more excellent lubricated and 
catalysis properties due to special morphology, smaller size and larger surface 
areas.!'-'"-'^-'^^ 



The first WS2 nanotabes and fiillerene-like nanoparticles were observed by 
hydrosulfiirization of a very thin fihn of tungsten metal (several hundreds A). 
Recently, synthesis method of WS2 nanoparticles has been focused on high temperature 
methods, which occur above 800*C widi tungsten oxides. These methods involve such 
techniques as growfli fiom the gas phase in which tungsten oxides in the vapor phase are 
reacted with H2S in a carrier gas producing WSi nanoparticles. ^ With this methods. 
WS2 fiillerene-like nanoparticW^''*', nanotubes^''-^^, foilst"^, ribbonsl"^ and ropes^ ' 
can be got in the tempetatur« range firom 800'C to 1200*C based on the reaction as shown 
in equation (1): 

WO3.X+H2S — WS2 + H2P (1) 
To convert tungsten oxides to tungsten sulfides nanoparticles pre-synthesized 
tungsten oxides nanoparticles is required. For example: WS2 fiiUerene-like nanoparticles 
are synthesized startmg wi& WO3 powder with particles sizes smaller than ca. 150nm. 
['^•'^ In synthesis of WS2 nanotubes, WOx nanorods(x=2-3, -lOO^un length and 10- 
lOOnm diameter) also need to be generated first f^"^ So with this method, for orientating 
the growth to a phase conq)osed in its greatest majority of WS2 nanoparticles, an 
asymmetric tungsten oxide precursor, which contains already the "fiiture shape" of a 
nanoparticles, was needed, ^'^ 

Recently, people found tiiat the W(CO)6 also can be used as a starting matenals to 
synthesize WS2 nanoparticles. For example the morphology of the WS2 nanoparticles can 
be got fiom sulfidizing W(CO)6 with H2S solution in argon in a 0.915 to 2.45 GHZ 
microwave plasma in a temperature ranee from 160°C to 580°C. This method produces to 
relatively small and uniform patticles. ^'^ The other report is WS2 nanoparticles can be 
obtained from W(CO)6 by dissolving the W(CO)6 and S in diphenyhnethane, then heating 
and sonicating the mixture in an argon flow for 3h. 

Up to now, synthesis of WS2 nanoparticles needs complicated devices or special 
nanoparticles as starting materials. So as said by R.R.ChianeUi's 'The study of these 
materials has been hindered by the mability to synthesize them in large quantities. This 
situation is similar to early days of research in fiillerens that wogiess slowly until 
improved syntiietic method led to large quantities being available.'* 
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Recently we found &e boron sulfide can act as very strong sulfidizing agent even at 
intermediate temperalure (<600'C). To date, boron sulfides (B2S3 and BS2) have not been 
know well as sulfidizlng agents, and their use has been reported only in organic or 
organometalhc reactions, yet sporadicaUy. i^' ^'l There exist only two boron sulfides, 
namely, B2S3 and BS2, m tfie sulfur-rich end, and both of the air-sensitive compounds are 
normaUy obtamed in amorphous phase. B2S3 does not have a well-defined melting 
point, but begins to sublime at about 300 »C. ^"1 BS2, the only boron sulfide with a higher 
content of sulfur, melts congraently at 417°C under atmospheric pressure. However, 
our experiences show that a significant amount of BS2 evaporates even at 300 "C under 
vacuum. 

ffigh temperature (around 1000°C) is required for hydrosulfurize tangsten fihn 
(several hundreds A) with H2S. i"' Using boron sulfides as sulfuiizing agent, we found 
the reaction can be done completely at 500*C even with 0.2mm diameter W wires. In this 
paper, we presort a novel efficient mefliod for synthesis WS2 nanoparticles directly using 
0.2mm W wires as the starting materials to react with boron sulfide at 500°C in situ. Low 
temperature is important and favorite for synthesis of nanosize particles. For example: for 
converting fee WO3 nanoparticles to WS2, the reaction need to be run around 900'>C. In 
such a high temperature, in order to avoid agglomeration and fusion of the heated 
nanoparticles. die powder need to be very carefully dispersed on the entire floor of the 
reactor boat^ This limit is a disadvantage for synthesis WS2 nanoparticles in large 
quantities. * 

Tuugsten metal directly reacts with sulfiir only at high temperature. Using boron 
sulfides as sulfidizing agent can make the reaction processing at lower temperature. In 
our system, the boron powders reacted with sulfiir formed boron sulfide first. Then Ae 
tungsten wires were sulfidized by boron sulfides at low temperature, as foUowing- 

B + S — BSx (2) 
W + BSx WS2 + B (3) 

The boron reduced by tungsten can continue to react with sulfur and further form 
boron sulfide under excess sulfur existing. It seems that the boron sulfides act as a 
catalysis, which catalyze tungsten silfidization at low temperature. 

After reaction, the product maintained the original shape of the tungsten wires but 
wilh a rpu^ly doubled fliickness. The surfece exhibited severe cracks along the 'wire 
axis, and the product was easy to grind into a fine powder. We clean and sonicate the 
samples with water for 30mins, and get hightly fine and pure powders. Figura.1 present 
the X-ray power diffraction pattern (XPD) of this fine WSa powders. From the XPD it 
can be assigned that the products are 2H-WS2. As shown in Fig.l. the Bragg peaks are 
very broad, mdicating smaU sizes of the powder particles. One intriguing feature is that 
the (001) peaks are shifted toward lower angles, indicating flie expansion of the lattice 
along the c-axis, in comparison wife the bulk 2H-phase (vertical lines).'^'' The shift of 
j^^"^"^ ^ calculated using synthetic siUcon as an internal standard for the powder 
diffraction studies. The same observation was made from our molybdenum sulfidation 
reactions. A similar shift has been reported for the fullerene-like and nanotubular 
stractures of WS2 and M0S2 (Ac = 0.16 and 0.25 A, respectively), and attributed to 
a strain relief in the folded stmctures by expanding ttie spacing between adjacent layers. 
This has been known for carbon fullerenes and nanotubes as well.'^^'^^^ 



Figure 2 shows the scanning electron microscope (SEM) images of the shape and the 
surfaces of tungsten wires after sulfization. From the images we can see the samples 
J° P^rti^'les ^ong the wire axis (Fig.2a). and the sur&ces of samples 
SSii ^ "^[1? ^ thicknesses range from lOOnm to several 

^^rl^ ^^J' ^^r^l ^y^'y by congregating with a lot of 

I^f '"^^ distribution from several nanometeis to tens nm (Fig.2c) 

Althou^ the WS2 samples still keep the wire shape, but actually they just simply 
accumidate by a lot of small WS^ nanoparticles. So they are crisp and easy t^ be groS 
to small powders Afla- sonicated in acetone for SOmins, the wire-shape samples Smost 
were crushed to fine WS2 powders. Hie SEM images of those samplS afte? sonicated 
were giv«i m Fi^ 3^The miages show that the WS2 nanoparticles are irregular small 
SS? "f^u^"^ thm The thicknesses of those nanoparticles just ait. around 10 mn. lie 
widths of those particles change from several nm to around lOOnm 

Two HRTEM pictures of WS2 nanoparticles were presented" in Figure 4. As seen 
from the image, there are lot boundaries areas exist in our samples because the size of 
particle is small and the shapes are random. Fig. 4b shows the TEM image of boundary 
area. There are some fringes whose spaces are around 6.3A, which can be index to the 
WS2 layer distances m the bulk structure (e.ieAP'J). But the fringes aren't parallel each 
other IJce which existang m the crystal. There are distortions, coalitions, intercrosses and 
vT\^^ 1^^ boundary areas. It causes the WS2 layer distances increasing and 
^gmg a httle bit larger than the layer distance 6.16A. And it also causes the Lee 
between differences layers isn't fixed to a constant but change in a range. So in the XPD 
mage, the Bragg peaks become broader and have a Uttle bit shift to low angle area In 
catalysis, the edge plane is highly reactive. And m generally, a poorly crystalline and 
highly disordered state can lead to good catalytic properties. So with a lot of disorder 
boundary areas m our samples may possess good catalytic prc^rties 

to conclusion, using boron sulfide as sulfurization agent, WS2 nanoparticles can be 
synthMized startmg with 0.2mm diameter ftmgsten wires as a starting materials. Hiis is a 
Sl"^ f"^ "^^y for bulk synthesis of WS2 Nanoparticles. The SEM and 

TEM t^ show that the shapes of WS2 nanoparticles what we get are irregular small 
1^ ^ '^^ thicknesses of those nanoparticles are around 10 nm The 

width of fliose particles can change from several nm to about lOOnm. They also show our 
samples have a lot boundary area exist which can explain the result of the broad Braae 
peaks peak and lower angle shift in XPD test. And with a lot of disorder boundary, the 
samples are excepted have good catalytic properties. It is noted &at we obtained very 
sumlar results for the synthesis of molebdcnium disulide. 

Experimental: 

WS2 nanoparticles were prepared by direct sulfidize tungsten wire (0.2mm in diameter 
~5cm long) m Mtu wiUi boron sulfides. The tungsten (wire, 99.95%), boron (powder. 
325mesh. 99.99%) and suUur (Pieces. 99.999%) were obtained from Aldrich. All those' 
materials were used without fiirther purification. We put two small size silicon crucibles 
m a big silicon tube.. The upper crucible contains tungsten wire (0.5S15g. 3mmol) and the 
lower crucible carries boron (0.0324g. 3mmol) and sulfiu- (0.3847, 12mmol). SeparatinR 
hmgsten and boron with two small silicon tubes can avoid the remained boron 
contammating products W§2. After the tabc «,as evacuated and sealed, the reaction 



mixture was gradually heated to 500^C, kept at the temperature for 3 days, and 
radiatively cooled down to room temperature. The sample was washed witti a lot of 
distilled water to get ride of B2S3. 

For testing the remainder concentration of boron with atomic adsoption spectrum, we 
dissolve SOmg WS2 in 5ml Aqua Regla. No boron signals were found under atomic 
adsoption spectrum testing with 5ppm test limit. It shows that the remainder 
concentration of boron is smaller than 0.05% (weight percent). 

After first step reaction and cleaning, the samples keep the origmal wire shape. But the 
samples are very crisp. Sonicating the samples for SOmins, the samples completely 
convert to fine WS2 nanoparticles. 

The resulting products were characterized by X-ray powder dif&action (XRD) using a 
Siemens power diflBractometer High-resolution scanning electron microscopy (HRSEM) 
measurements were performed using a Hitachi 8-4700-11. High-resolution transmission 
electron microscopy (HRTEM) analysis was carried out using a JEOL JEM 4000EX- 
And the elements analysis for remained boron test with atomic adsoption spectrum 
technology using Varian SpectrAA-400 Flame. 
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Fig.l. XRD powder pattern of the reaction product from the sulfidation of tungsten wire 
by boron sulfides. The vertical lines are the Bragg peaks of NBS 2H-WS2. Note the 
shift of (00/) peaks. The (008) peak is very weak and cannot be seoi due to the 
overlap wi& a peak of high intensity. 




Fig. 2. Low-magnification and higher magnification SEM images of tungsten sulfide, (a) 
The tungsten sulfide keepmg wire shape but cracks along the wire axis, (b) Layers stack 
on the surfiice. (c) The layer firom by snoall WS2 nanoparticles. 




FigAThe HRTEM images of WS2nanoparticle 
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